1. Introduction {#sec1-sensors-20-02472}
===============

In recent years, the wireless communication community has witnessed the explosive growth of the wireless data traffic. The far-more-than-expected growth of the wireless data traffic promotes the rapid development of the fifth-generation (5G) wireless technologies, including small cell networks \[[@B1-sensors-20-02472]\], big data analytics \[[@B2-sensors-20-02472]\], device-to-device (D2D) communications \[[@B3-sensors-20-02472]\], heterogeneous wireless networks \[[@B4-sensors-20-02472]\], large-scale multi-input multi-output (MIMO) techniques \[[@B5-sensors-20-02472]\], full duplex techniques \[[@B6-sensors-20-02472]\], femtocell networks \[[@B7-sensors-20-02472]\], 5G-enabled Internet of Things (IoT) \[[@B8-sensors-20-02472]\], network function virtualization \[[@B9-sensors-20-02472]\], and millimeter-wave communications. Attendant to the rapid development of the 5G technologies and the upcoming large-scale commercial deployment of 5G systems, the life time of the wireless terminals that use batteries as energy source becomes more and more unsatisfactory for the users, which breeds the urgent requirement of developing efficient wireless technologies for prolonging the operation time of the batteries of the wireless terminals and the lifetime of the energy constrained wireless networks.

Energy harvesting (EH) is a promising solution for prolonging the operation time of the batteries of the wireless terminals by introducing self-sustainability through EH from the energy resource in the ambient environment (such as solar, wind, vibration, etc.). Among the EH technologies, simultaneous wireless information and power transfer (SWIPT) has been regarded as one of the most attractive technologies, as it harvests energy from the manmade and comparably controllable radio frequency (RF) electromagnetic signals rather than the random and highly uncontrollable natural energy sources \[[@B10-sensors-20-02472]\]. SWIPT realizes both useful utilizations of RF signals for power and information transfer at the same time, and can provide predictable, perpetual, on-demand and reliable energy supplies to wireless networks \[[@B10-sensors-20-02472],[@B11-sensors-20-02472],[@B12-sensors-20-02472]\]. With a unified design of wireless power transfer (WPT) and wireless information transfer (WIT), SWIPT would have the ability to make the best use of the RF spectrum/radiation and the network infrastructure, and hence will enable trillions of low-power Internet-of-Things (IoT) devices to be powered and connected anytime and anywhere \[[@B11-sensors-20-02472]\].

1.1. Related Works {#sec1dot1-sensors-20-02472}
------------------

Recently, the application of SWIPT in energy-limited wireless cooperative communication systems has attracted lots of interest in the research area. For SWIPT cooperative communication systems, there are two typical relaying schemes named amplify-and-forward (AF) relaying and decode-and-forward (DF) relaying. In \[[@B13-sensors-20-02472]\], the relaying protocols based on power splitting (PS) and time switching (TS) receivers \[[@B14-sensors-20-02472]\] are considered for the SWIPT AF relaying systems, where the outage probability and ergodic capacity expressions are derived. The outage performance of a DF relaying system with SWIPT technology is studied in \[[@B15-sensors-20-02472]\]. To enhance the system outage performance, Ref. \[[@B16-sensors-20-02472]\] proposes a hybrid protocol based on the combination of PS and TS schemes, which is shown to outperform both the TS and PS protocols when applied to AF and DF relaying networks. In \[[@B17-sensors-20-02472]\], an adaptive relaying (AR) protocol similar to the hybrid protocol is proposed for the SWIPT AF relaying systems, where the throughput performance is investigated for both delay-tolerant transmission and delay-limited transmission modes. A hybridized power-time splitting-based relaying (HPTSR) protocol for SWIPT AF and DF networks is proposed in \[[@B18-sensors-20-02472]\], where the practical impact of system parameters on the throughput performance is investigated. In \[[@B19-sensors-20-02472]\], an optimized transmission protocol that involves harvested energy-aware jointly optimal mode selection (MS) and time allocation (TA) for energy and information transfer is proposed to maximize the sum-throughput of the system.

The aforementioned works consider the linear EH models. However, the input-output characteristics of the practical EH circuits are usually shown to be non-linear \[[@B10-sensors-20-02472],[@B20-sensors-20-02472],[@B21-sensors-20-02472],[@B22-sensors-20-02472],[@B23-sensors-20-02472]\]. Therefore, adopting a conventional linear EH model for the SWIPT systems may lead to the mismatch in resource allocation \[[@B20-sensors-20-02472]\]. Due to its more rationality in practice than the linear one, the non-linear EH models are proposed for the SWIPT systems. In \[[@B20-sensors-20-02472]\], a practical parametric non-linear EH model based on the logistic (sigmoidal) function is firstly proposed for the SWIPT communication systems. In \[[@B21-sensors-20-02472]\], the non-linear characteristic for the EH model is characterized by a piecewise function and the throughput is analyzed for the the SWIPT AF relaying systems in the Nakagami-m channels. The outage probability of the multi-relay MIMO system with PS receiver under the non-linear EH model is studied in \[[@B22-sensors-20-02472]\]. In \[[@B23-sensors-20-02472]\], a practical non-linear EH model that considers the sensitivity and saturation characteristics of the circuit is used to study the full-duplex SWIPT DF relaying systems, and the expressions of the outage probability and outage throughput are derived.

1.2. Motivation and Contributions {#sec1dot2-sensors-20-02472}
---------------------------------

In addition to the EH models, another major concern in SWIPT systems is the receiver operation scheme for EH and information receiving, for which most of the existing works focus on the TS and PS schemes. Based on the combination of the TS and PS schemes, the hybrid or adaptive relaying (AR) protocol is proposed in \[[@B16-sensors-20-02472],[@B17-sensors-20-02472]\] and is shown to be more preferable for SWIPT systems, since it outperforms both the TS and PS schemes and can operate as TS, PS, or hybrid protocols \[[@B16-sensors-20-02472]\]. However, as mentioned before, only few works (e.g., \[[@B16-sensors-20-02472],[@B17-sensors-20-02472]\]) consider the hybrid protocol for the receiver and they use the linear EH model in the SWIPT systems. Although the hybrid scheme is considered for the SWIPT AF systems with the nonlinear EH model in \[[@B24-sensors-20-02472]\], the outage performance analysis within is complex due to its complicated and unclosed-form expressions of the outage probability.

In this paper, we study the outage and throughput performance for the SWIPT DF relaying systems. The hybrid energy receiver and the non-linear EH model are considered. The main contributions of this paper are summarized as follows.

-   We derive the exact analytical expressions of outage probability and throughput for the systems subject to the Rayleigh fading channels. To further simplify the calculation of the analytical results, we derive the closed-form approximate expressions of outage probability and throughput for the systems. The exact analytical expressions are given in definite integral form with finite integral interval and can be easily evaluated using the numerical integration methods, while the closed-form approximate expressions are more easily to evaluate and shown to be highly accurate in the region of higher SNR.

-   We analyze the impacts of the parameters $\alpha$ and $\rho$ on the system outage performance, where $\alpha$ and $\rho$ are the TS ratio and PS ratio of the hybrid receiver, respectively. It is shown that there exists optimal values of $\alpha$ and $\rho$ to minimize the OP of the systems with non-linear EH model, and that there exists optimal values of $\rho$ to minimize the OP of the systems with linear EH model, whereas the OP of the systems monotonically increases with $\alpha$ when linear EH model is adopted. Moreover, there are no optimal values of $\alpha$ for the system throughput whether the linear or nonlinear EH models are adopted.

-   We investigate the impact of the position of the relay node on the system performance. It is noted that, different from the SWIPT relaying systems with linear EH model or non-hybrid receiver where the system performance monotonically changes with the relay position, there exists optimal position of the relay node for the systems with hybrid receiver and nonlinear EH model that minimizes the system OP. Moreover, the optimal location of the relay node becomes farther away from the source node when the SNR increases.

The remainder of this paper is organized as follows. In [Section 2](#sec2-sensors-20-02472){ref-type="sec"}, the system model is introduced and the energy harvesting and information processing are analyzed. The outage probability and throughput performance analysis is carried out in [Section 3](#sec3-sensors-20-02472){ref-type="sec"}. In [Section 4](#sec4-sensors-20-02472){ref-type="sec"}, the analytical and simulation results and discussions are presented. The last section concludes the paper.

2. System Model {#sec2-sensors-20-02472}
===============

We consider the same dual-hop decode-and-forward (DF) wireless cooperative system as in \[[@B13-sensors-20-02472],[@B15-sensors-20-02472],[@B17-sensors-20-02472]\], which is composed of a source node *S*, a relay node *R*, and a destination node *D*, as shown in [Figure 1](#sensors-20-02472-f001){ref-type="fig"}. Both *S* and *D* have unlimited power supply, while *R* is assumed to be energy-limited and harvests energy from the received RF signal that is sent by *S*. All nodes are assumed to be equipped with a single omnidirectional antenna and operate in a half-duplex mode (although some works consider multi-antennas at the nodes \[[@B22-sensors-20-02472],[@B25-sensors-20-02472]\], the three nodes relay system with single antenna is still widely used as a typical model for theory study to this day \[[@B13-sensors-20-02472],[@B15-sensors-20-02472],[@B17-sensors-20-02472],[@B18-sensors-20-02472]\], for which the practical scenario occurs when the nodes have small physical size and low power consumption, such as the nodes in wireless sensor networks \[[@B10-sensors-20-02472]\]). The distances between *S* and *R* and *R* and *D* are denoted as $d_{1}$ and $d_{2}$, respectively. Due to the deep shadowing, there is no direct link between the source and the destination nodes. Both the $\left. S\rightarrow R \right.$ and $\left. R\rightarrow D \right.$ links are assumed to be subject to quasi-static block fading, and the corresponding channel coefficients are denoted as *h* and *g*, respectively. Moreover, we assume that all links are subjected to both small-scale Rayleigh fading and large-scale path-loss effects \[[@B13-sensors-20-02472],[@B15-sensors-20-02472],[@B17-sensors-20-02472],[@B18-sensors-20-02472],[@B26-sensors-20-02472]\].

We consider the hybrid receiving mode for ID and EH at *R* as shown in [Figure 2](#sensors-20-02472-f002){ref-type="fig"}, where the corresponding data transmission is performed over three time phases with durations of $\alpha T$$(s)$, $(1 - \alpha)T/2$$(s)$ and $(1 - \alpha)T/2$$(s)$, respectively, where $\alpha\mspace{600mu}(0 \leq \alpha \leq 1)$ is the TS ratio and *T* is the entire communication time \[[@B16-sensors-20-02472],[@B17-sensors-20-02472],[@B24-sensors-20-02472]\]. During phase-I and phase-II, the source node *S* transmits the information data bits to *R* while *R* listens, and *R* switches its receiver for EH in phase-I, whereas for phase-II transmission *R* performs both EH and ID using the PS method, i.e., splitting the received signal stream into two substreams, one for EH with a power ratio of $\rho\mspace{600mu}(0 \leq \rho \leq 1)$ and the other for ID with a power ratio of $1 - \rho$. During phase-III, *S* keeps silent, while *R* decodes and forwards the source's signal to *D* using the harvested power during phase-I and phase-II.

For phase-I transmission, the received signal at *R* can be expressed as $$y_{sr} = \frac{1}{\sqrt{d_{1}^{m}}}\sqrt{P}hX_{s} + n_{ra}$$ where *m* is the path loss exponent, *P* is the transmit power of the source, $n_{ra}$ is the complex additive white Gaussian noise (AWGN) with zero mean and variance $\sigma_{ra}^{2}$ introduced by the receiving antenna at the relay, $X_{s}$ is the normalized source signal, i.e., $\mathbb{E}\left\{ \left| X_{s} \right|^{2} \right\} = 1$, where $\mathbb{E}\left\{ \cdot \right\}$ is the expectation operator and $\left| \cdot \right|$ is the absolute value operator. We consider the non-linear EH model described by the piece-wise linear function \[[@B10-sensors-20-02472],[@B21-sensors-20-02472],[@B22-sensors-20-02472]\]. Then from $(1)$, the harvested energy $E_{\alpha}$ during phase-I can be derived as $$E_{\alpha} = \begin{cases}
{\frac{\eta P\left| h \right|^{2}}{d_{1}^{m}}\alpha T,} & {{if}\frac{\eta P\left| h \right|^{2}}{d_{1}^{m}} \leq P_{\mathit{th}}} \\
{P_{th}\alpha T,} & {{if}\frac{\eta P\left| h \right|^{2}}{d_{1}^{m}} > P_{\mathit{th}}} \\
\end{cases}$$ where $P_{th}$ denotes the saturation output power threshold of the EH circuit at the relay, $\eta$ is the linear energy conversion efficiency factor when the received RF power falls within the linear range of the EH receiver \[[@B10-sensors-20-02472]\].

For phase-II transmission, the received signals at the EH receiver and ID receiver at *R*, respectively, are given as $$\begin{aligned}
y_{sr}^{EH} & {= \frac{1}{\sqrt{d_{1}^{m}}}\sqrt{\rho P}hX_{s} + \sqrt{\rho}n_{ra}} \\
\end{aligned}$$ $$\begin{aligned}
y_{sr}^{ID} & {= \frac{1}{\sqrt{d_{1}^{m}}}\sqrt{(1 - \rho)P}hX_{s} + \sqrt{(1 - \rho)}n_{ra} + n_{rc}} \\
\end{aligned}$$ where $n_{rc}$ is the complex AWGN with zero mean and variance $\sigma_{rc}^{2}$ due to RF to baseband signal conversion at the relay. From Equation (3), the harvested energy $E_{\rho}$ during phase-II can be written as $$E_{\rho} = \begin{cases}
{\frac{\eta\rho P\left| h \right|^{2}}{d_{1}^{m}}\frac{(1 - \alpha)}{2}T,} & {{if}\frac{\eta\rho P\left| h \right|^{2}}{d_{1}^{m}} \leq P_{\mathit{th}}} \\
{P_{th}\frac{(1 - \alpha)}{2}T,} & {{if}\frac{\eta\rho P\left| h \right|^{2}}{d_{1}^{m}} > P_{\mathit{th}}} \\
\end{cases}$$

Then the total energy harvested at *R* in phase-I and phase-II, $E_{total}$, can be expressed as $$E_{total} = \begin{cases}
{\frac{\eta P\left| h \right|^{2}}{d_{1}^{m}}\alpha T + \frac{\eta\rho P\left| h \right|^{2}}{d_{1}^{m}}\frac{(1 - \alpha)}{2}T,} & {{if}\left| h \right|^{2} \leq \frac{P_{th}d_{1}^{m}}{\eta P}} \\
{P_{th}\alpha T + \frac{\eta\rho P\left| h \right|^{2}}{d_{1}^{m}}\frac{(1 - \alpha)}{2}T,} & {{if}\frac{P_{th}d_{1}^{m}}{\eta P} < \left| h \right|^{2} \leq \frac{P_{th}d_{1}^{m}}{\eta\rho P}} \\
{P_{th}\alpha T + P_{th}\frac{(1 - \alpha)}{2}T,} & {{{if}\left| h \right|^{2} > \frac{P_{th}d_{1}^{m}}{\eta\rho P}}.} \\
\end{cases}$$

In phase-III, the received signal at the ID receiver of *R* is first decoded then forwarded to *D* using the total harvested energy $E_{total}$. Similarly to \[[@B15-sensors-20-02472]\], we assume that the processing power consumed by the information decoding circuitry is negligible compared to the power consumption for information forwarding at the relay node *R*. Hence, the transmit power at *R* is given as $P_{r} = \frac{E_{total}}{(1 - \alpha)T/2}$, which can be further written as $$P_{r} = \begin{cases}
{\overset{a_{1}}{\overset{︷}{\frac{2\eta P\alpha}{d_{1}^{m}{(1-\alpha)}}}}\left| h \right|^{2} + \overset{a_{2}}{\overset{︷}{\frac{\eta\rho P}{d_{1}^{m}}}}\left| h \right|^{2},} & {{if}\left| h \right|^{2} \leq A} \\
{\underset{c_{1}}{\underset{︸}{\frac{2P_{th}\alpha}{1-\alpha}}} + \frac{\eta\rho P}{d_{1}^{m}}\left| h \right|^{2},} & {{if}A < \left| h \right|^{2} \leq B} \\
{\underset{c_{2} = c_{1} + P_{th}}{\underset{︸}{\frac{2P_{th}\alpha}{1-\alpha}+P_{th}}},} & {{{if}\left| h \right|^{2} > B}.} \\
\end{cases}$$ where $A = \frac{P_{th}d_{1}^{m}}{\eta P}$, $B = \frac{P_{th}d_{1}^{m}}{\eta\rho P}$, and $A \leq B$. The received signal at *D* can be written as $$y_{rd} = \frac{1}{\sqrt{d_{2}^{m}}}\sqrt{P_{r}}gX_{s} + n_{da} + n_{dc}$$ where $n_{da}$ is the complex AWGN with zero mean and variance $\sigma_{da}^{2}$ introduced by the receiving antenna at *D*, $n_{dc}$ is the complex AWGN with zero mean and variance $\sigma_{dc}^{2}$ due to RF to baseband signal conversion at the destination.

3. Performance Analysis {#sec3-sensors-20-02472}
=======================

In this section, we study the OP and throughput for the SWIPT cooperative communication systems with hybrid relaying receiver scheme and non-linear EH model.

From Equation (4), the achievable information rate at the relay node, $R_{sr}$, can be written as $$R_{sr} = \frac{1 - \alpha}{2}log_{2}\left( {1 + \frac{{(1 - \rho)}P\left| h \right|^{2}}{d_{1}^{m}\sigma_{r}^{2}}} \right)$$ where $\sigma_{r}^{2} = {(1 - \rho)}\sigma_{ra}^{2} + \sigma_{rc}^{2}$ is the variance of the overall noise at the information receiver of the relay node *R* given by $n_{r} = \sqrt{(1 - \rho)}n_{ra} + n_{rc}$. Similarly, by using Equation ([8](#FD8-sensors-20-02472){ref-type="disp-formula"}), the achievable information rate at the destination node, $R_{rd}$, can be written as $$R_{rd} = \frac{1 - \alpha}{2}log_{2}\left( {1 + \frac{P_{r}\left| g \right|^{2}}{d_{2}^{m}\sigma_{d}^{2}}} \right)$$ where $\sigma_{d}^{2} = \sigma_{da}^{2} + \sigma_{dc}^{2}$ is the variance of the overall noise at the node *D* given by $n_{d} = n_{da} + n_{dc}$. Then, the system information rate can be expressed as $R_{o} = min{(R_{sr},R_{rd})}$.

3.1. Outage Probability {#sec3dot1-sensors-20-02472}
-----------------------

For a given target rate $R_{th}$, the OP can be written as $$P_{out} = P{(R_{o} < R_{th})} = 1 - P{(R_{sr} \geq R_{th},R_{rd} \geq R_{th})}.$$

From Equations ([9](#FD9-sensors-20-02472){ref-type="disp-formula"}) and ([10](#FD10-sensors-20-02472){ref-type="disp-formula"}), we can get $$P{(R_{sr} \geq R_{th},R_{rd} \geq R_{th})} = P{(\left| h \right|^{2} \geq Q,P_{r}\left| g \right|^{2} \geq F)}$$ where $Q = \frac{u_{0}d_{1}^{m}\sigma_{r}^{2}}{(1 - \rho)P}$, $F = u_{0}d_{2}^{m}\sigma_{d}^{2}$, $u_{0} = 2^{\frac{2R_{th}}{1 - \alpha}} - 1$. Taking into consideration of the nonlinearity of $P_{r}$ as shown in Equations ([7](#FD7-sensors-20-02472){ref-type="disp-formula"}) and ([12](#FD12-sensors-20-02472){ref-type="disp-formula"}) can be rewritten as $$P{(R_{sr} \geq R_{th},R_{rd} \geq R_{th})} = I_{1} + I_{2} + I_{3}$$ where $$\begin{aligned}
I_{1} & {= P(\left| h \right|^{2} \geq Q,\left| h \right|^{2}\left| g \right|^{2} \geq G,\left| h \right|^{2} \leq A)} \\
\end{aligned}$$ $$\begin{aligned}
I_{2} & {= P(\left| h \right|^{2} \geq Q,{(c_{1} + a_{2}\left| h \right|^{2})}\left| g \right|^{2} \geq F,A < \left| h \right|^{2} \leq B)} \\
\end{aligned}$$ $$\begin{aligned}
I_{3} & {= P(\left| h \right|^{2} \geq Q,\left| g \right|^{2} \geq H,\left| h \right|^{2} > B)} \\
\end{aligned}$$ where $G = \frac{F}{a_{1} + a_{2}}$, $H = \frac{F}{c_{2}}$.

In this paper, all the links are assumed to be subject to independent Rayleigh fading. Hence, the probability density function (PDF) of the channel power gains $\left| h \right|^{2}$ and $\left| g \right|^{2}$ are exponential distributed and given by $f_{{|h|}^{2}}{(x)} = \frac{1}{\lambda_{h}}e^{- \frac{x}{\lambda_{h}}}$ and $f_{{|g|}^{2}}{(x)} = \frac{1}{\lambda_{g}}e^{- \frac{x}{\lambda_{g}}}$, respectively, where $\lambda_{h} = \mathbb{E}\left\{ \left| h \right|^{2} \right\}$, $\lambda_{g} = \mathbb{E}\left\{ \left| g \right|^{2} \right\}$ are the average power of the channels. Then $I_{1}$ can be derived as Equation ([15](#FD15-sensors-20-02472){ref-type="disp-formula"}). Note that in Equation ([15](#FD15-sensors-20-02472){ref-type="disp-formula"}) we consider the case of $Q \leq A$, since when $Q > A$ the inequality $Q \leq \left| h \right|^{2} \leq A$ in Equation $(14a)$ does not hold and leads to $I_{1} = 0$. Similarly, when $Q > B$, $I_{2}$ is 0. When $Q \leq B$, let $K = max(A,Q)$. Then $I_{2}$ in Equation (14b) can be rewritten as Equation ([16](#FD16-sensors-20-02472){ref-type="disp-formula"}), where $M = \frac{F}{a_{2}}$, $N = \frac{c_{1}}{a_{2}}$. Let $L = max(B,Q)$, $I_{3}$ in Equation $(14c)$ can be written as Equation ([17](#FD17-sensors-20-02472){ref-type="disp-formula"}). $$\begin{aligned}
I_{1} & {= P(Q \leq \left| h \right|^{2} \leq A,\left| h \right|^{2} \geq \frac{G}{\left| g \right|^{2}})} \\
 & {= P{(Q \leq \left| h \right|^{2} \leq A,Q \geq \frac{G}{\left| g \right|^{2}})} + P{(\frac{G}{\left| g \right|^{2}} \leq \left| h \right|^{2} \leq A,Q < \frac{G}{\left| g \right|^{2}} \leq A)}} \\
 & {= \int_{Q}^{A}{f_{{|h|}^{2}}{(x)}dx}\int_{\frac{G}{Q}}^{\infty}{f_{{|g|}^{2}}{(y)}dy} + \int_{\frac{G}{A}}^{\frac{G}{Q}}{\int_{\frac{G}{y}}^{A}{f_{{|h|}^{2}}{(x)}dxf_{{|g|}^{2}}{(y)}dy}}} \\
 & {= \left\lbrack {\exp{( - \frac{Q}{\lambda_{h}})} - \exp{( - \frac{A}{\lambda_{h}})}} \right\rbrack\exp{( - \frac{G}{\lambda_{g}Q})} + \int_{\frac{G}{A}}^{\frac{G}{Q}}{\frac{1}{\lambda_{g}}\exp{( - \frac{y}{\lambda_{g}} - \frac{G}{\lambda_{h}y})}dy}} \\
 & {+ \exp{( - \frac{A}{\lambda_{h}})}\left\lbrack {\exp{( - \frac{G}{\lambda_{g}Q})} - \exp{( - \frac{G}{\lambda_{g}A})}} \right\rbrack} \\
\end{aligned}$$ $$\begin{aligned}
I_{2} & {= P(K \leq \left| h \right|^{2} \leq B,\left| h \right|^{2} \geq \frac{M}{\left| g \right|^{2}} - N)} \\
 & {= P{(K \leq \left| h \right|^{2} \leq B,K \geq \frac{M}{\left| g \right|^{2}} - N)} + P{(\frac{M}{\left| g \right|^{2}} - N \leq \left| h \right|^{2} \leq B,K < \frac{M}{\left| g \right|^{2}} - N \leq B)}} \\
 & {= \int_{K}^{B}{f_{{|h|}^{2}}{(x)}dx}\int_{\frac{M}{K + N}}^{\infty}{f_{{|g|}^{2}}{(y)}dy} + \int_{\frac{M}{B + N}}^{\frac{M}{K + N}}{\int_{\frac{M}{y} - N}^{B}{f_{{|h|}^{2}}{(x)}dxf_{{|g|}^{2}}{(y)}dy}}} \\
 & {= \left\lbrack {\exp{( - \frac{K}{\lambda_{h}})} - \exp{( - \frac{B}{\lambda_{h}})}} \right\rbrack\exp{( - \frac{M}{\lambda_{g}{(K + N)}})} + \int_{\frac{M}{B + N}}^{\frac{M}{K + N}}{\frac{1}{\lambda_{g}}\exp\left( {- \frac{y}{\lambda_{g}} - \frac{M}{\lambda_{h}y} + \frac{N}{\lambda_{h}}} \right)dy}} \\
 & {+ \exp{( - \frac{B}{\lambda_{h}})}\left\lbrack {\exp{( - \frac{M}{\lambda_{g}{(K + N)}})} - \exp{( - \frac{M}{\lambda_{g}{(B + N)}})}} \right\rbrack} \\
\end{aligned}$$ $$I_{3} = P{(\left| h \right|^{2} \geq Q,\left| g \right|^{2} \geq H,\left| h \right|^{2} > B)} = P{(\left| h \right|^{2} \geq L,\left| g \right|^{2} > H)} = \exp{( - \frac{L}{\lambda_{h}})}\exp{( - \frac{H}{\lambda_{g}})}$$

Finally, by substituting Equations ([13](#FD13-sensors-20-02472){ref-type="disp-formula"})--([17](#FD17-sensors-20-02472){ref-type="disp-formula"}) into Equation ([11](#FD11-sensors-20-02472){ref-type="disp-formula"}), the OP of the systems can be obtained as $$P_{out} = 1 - I_{1} - I_{2} - I_{3}.$$

It can be observed that the analytical result of OP for the systems given by Equation ([18](#FD18-sensors-20-02472){ref-type="disp-formula"}) involves the integration term $\int{\frac{1}{\lambda_{g}}\exp{( - \frac{y}{\lambda_{g}} - \frac{G}{\lambda_{h}y})}dy}$, which can be evaluated using the numerical integration method. To further simplify the calculation of the OP given by Equation ([18](#FD18-sensors-20-02472){ref-type="disp-formula"}), here we present an approximate method.

Let $\xi = \left( {\frac{G}{Q} + \frac{G}{A}} \right)/2$. By using the first mean value theorem, the second term in Equation ([15](#FD15-sensors-20-02472){ref-type="disp-formula"}) can be expressed as $$\int_{\frac{G}{A}}^{\frac{G}{Q}}{\frac{1}{\lambda_{g}}\exp{( - \frac{y}{\lambda_{g}} - \frac{G}{\lambda_{h}y})}dy} = \exp{( - \frac{G}{\lambda_{h}\xi})} \cdot \left\lbrack {\exp{( - \frac{G}{\lambda_{g}A})} - \exp{( - \frac{G}{\lambda_{g}Q})}} \right\rbrack$$

Then the approximate form of $I_{1}$, $\widetilde{I_{1}}$, can be written as $$\begin{aligned}
\widetilde{I_{1}} & {= \left\lbrack {\exp{( - \frac{Q}{\lambda_{h}})} - \exp{( - \frac{A}{\lambda_{h}})}} \right\rbrack\exp{( - \frac{G}{\lambda_{g}Q})} + \exp{( - \frac{G}{\lambda_{h}\xi})} \cdot \left\lbrack {\exp{( - \frac{G}{\lambda_{g}A})} - \exp{( - \frac{G}{\lambda_{g}Q})}} \right\rbrack} \\
 & {+ \exp{( - \frac{A}{\lambda_{h}})}\left\lbrack {\exp{( - \frac{G}{\lambda_{g}Q})} - \exp{( - \frac{G}{\lambda_{g}A})}} \right\rbrack} \\
\end{aligned}$$

Only when $Q \leq B$, the expression of $I_{2}$ exists. It is easy to show that $A = \frac{P_{th}d_{1}^{m}}{\eta P}$, $B = \frac{P_{th}d_{1}^{m}}{\eta\rho P}$ and $K = max(A,Q)$ satisfies $A \leq K \leq B$. Hence, $\frac{M}{B + N} \leq \frac{M}{K + N} \leq \frac{M}{A + N}$. In fact, the noise power $\sigma_{d}^{2}$ is generally $- 95$ dBm, and $P_{th} = 24$ mW $\approx 13.8$ dBm, so $\frac{\sigma_{d}^{2}}{P_{th}}$ is small. We can get $\frac{M}{B + N} = \frac{u_{0}d_{2}^{m}\sigma_{d}^{2}}{P_{th} + \frac{2\alpha}{1 - \alpha}P_{th}} \approx \frac{u_{0}d_{2}^{m}\sigma_{d}^{2}}{\rho P_{th} + \frac{2\alpha}{1 - \alpha}P_{th}} = \frac{M}{A + N}$, that is, $\frac{M}{K + N} \approx \frac{M}{B + N}$. Then for the second term in Equation ([16](#FD16-sensors-20-02472){ref-type="disp-formula"}), it can be obtained that $$\int_{\frac{M}{B + N}}^{\frac{M}{K + N}}{\frac{1}{\lambda_{g}}\exp\left( {- \frac{y}{\lambda_{g}} - \frac{M}{\lambda_{h}y} + \frac{N}{\lambda_{h}}} \right)dy} \approx 0$$

Therefore, the approximate form of $I_{2}$, $\widetilde{I_{2}}$, can be obtained as $$\begin{array}{ll}
\widetilde{I_{2}} & {= \left\lbrack {\exp{( - \frac{K}{\lambda_{h}})} - \exp{( - \frac{B}{\lambda_{h}})}} \right\rbrack\exp{( - \frac{M}{\lambda_{g}{(K + N)}})}} \\
 & {+ \exp{( - \frac{B}{\lambda_{h}})}\left\lbrack {\exp{( - \frac{M}{\lambda_{g}{(K + N)}})} - \exp{( - \frac{M}{\lambda_{g}{(B + N)}})}} \right\rbrack} \\
\end{array}$$

The closed-form outage probability of the systems is then given by $$\widetilde{P_{out}} = 1 - \widetilde{I_{1}} - \widetilde{I_{2}} - I_{3}.$$

3.2. Throughput {#sec3dot2-sensors-20-02472}
---------------

The throughput of the system, $\overline{C}$, can be written as \[[@B13-sensors-20-02472],[@B24-sensors-20-02472]\] $$\overline{C} = R_{th}{(1 - P_{out})}\frac{(1 - \alpha)T/2}{T} = R_{th}{(I_{1} + I_{2} + I_{3})}\frac{1 - \alpha}{2}$$ By substituting Equation (23) into Equation (24), the approximate form of the throughput, $\widetilde{C}$, can be written as $$\widetilde{C} = \frac{R_{th}{(1 - P_{out})}{(1 - \alpha)}}{2}$$

4. Numerical Result {#sec4-sensors-20-02472}
===================

In this section, we present the numerical results for the SWIPT cooperative DF communication systems with hybrid receiver. The derived outage probability and closed-form approximate expressions given in Equations ([18](#FD18-sensors-20-02472){ref-type="disp-formula"}) and ([23](#FD23-sensors-20-02472){ref-type="disp-formula"}) are used to investigate the impact of the system parameters on the performance. The derived throughput and closed-form approximate expressions given in Equations (24) and ([25](#FD25-sensors-20-02472){ref-type="disp-formula"}) are also investigated. Monte Carlo simulations are provided to verify the analytical results for the derived expressions in Equations ([18](#FD18-sensors-20-02472){ref-type="disp-formula"}) and (24), and numerically analyze the accuracy of the derived closed-form approximate expressions in Equations ([23](#FD23-sensors-20-02472){ref-type="disp-formula"}) and ([25](#FD25-sensors-20-02472){ref-type="disp-formula"}). Unless otherwise specified, the transmission power of the source is set to $P = 30$ dBm and the target rate is $R_{th} = 0.2$ bits/s/Hz. The energy conversion efficiency factor is set to $\eta = 0.8$. The antenna and ID circuit variance is $\sigma_{ra}^{2} = \sigma_{rc}^{2} = \sigma_{da}^{2} = \sigma_{dc}^{2} = N_{0}$. The path loss exponent is $2.7$, and the distance $d_{1}$ and $d_{2}$ satisfy $d_{1} + d_{2} = 3$ m. The harvested saturation power is set to $P_{th} = 24$ mW as in \[[@B10-sensors-20-02472]\], and $\lambda_{h}$ and $\lambda_{g}$ are set to 1 as in \[[@B17-sensors-20-02472],[@B22-sensors-20-02472]\]. For convenient, we define that SNR $= P/N_{0}$.

[Figure 3](#sensors-20-02472-f003){ref-type="fig"} shows the outage probability and throughput versus $\alpha$ for the SWIPT cooperative DF communication systems with hybrid receiver under various SNR when $\rho = 0.5$. It can be observed perfect match between the proposed analytical and Monte Carlo simulation results. It is shown that for given SNR, unlike the SWIPT systems with linear EH model where the OP monotonically increases with $\alpha$, for the systems with non-linear EH model there exists an optimal value of $\alpha$ with which the OP is the smallest, which is marked with the bold small circle in the figure. It is can be observed that for the SWIPT cooperative communication systems with hybrid receiver, whether linear or non-linear models are adopted, the throughput of the system decreases as $\alpha$ increases. It can be also observed that the accuracy of the approximate results increases with $\alpha$ and/or SNR, and that the approximate results match very well with the exact analytical results in the region of higher SNR.

In order to examine the impact of $\rho$ on the performance of the systems with hybrid receiver under various SNR, we vary $\rho$ from 0 to 1 when $\alpha = 0.3$, as shown in [Figure 4](#sensors-20-02472-f004){ref-type="fig"}. It is shown that for a given value of SNR, the OP first decreases then increases as $\rho$ increases, while the throughput first increases then decreases with the increasing of $\rho$. Hence, there exists an optimal value of $\rho$ that minimizes the OP of the systems, which is marked with the bold small circle in [Figure 4](#sensors-20-02472-f004){ref-type="fig"}. It can be observed that the optimal value of $\rho$ for the systems with linear EH model is smaller than that with non-linear EH model. Also, it is shown perfect match between the approximate results and the exact analytical results for various values of $\rho$ in the region of higher SNR.

*From [Figure 3](#sensors-20-02472-f003){ref-type="fig"} and [Figure 4](#sensors-20-02472-f004){ref-type="fig"}, there exists optimal α and ρ that minimize the OP of the SWIPT cooperative DF communication systems with hybrid energy receiver and non-linear EH model, whereas there are no optimal values of α and ρ for the system throughput. The observation can be explained as follows. When α is small, the relay node harvests less energy. As α increases, more energy can be harvested for the information forwarding at the relay node, whereas the time for the information forwarding becomes less, so that $R_{sr}$ in Equation (9) and $R_{rd}$ in Equation (10) become smaller, resulting in an increase of OP. As a portion (i.e., ρ) of the received power is used for EH and the rest is for ID, there is a tradeoff between ID and EH. Specifically, for a given α, with the increasing of ρ, more energy harvested at the relay can be used to transmit the decoded information, so that the outage performance of the system is improved. But when ρ continues to increase, meanwhile, the energy used for decoding the information is reduced, resulting in an increase of OP. Without loss of generality, we use $\alpha = 0.3$ and $\rho = 0.5$ as the TS and PS ratios for the hybrid relay receiver in subsequent discussions.*

In [Figure 5](#sensors-20-02472-f005){ref-type="fig"}, the OP and throughput of the SWIPT cooperative DF communication systems with hybrid receiver is plotted against the distance $d_{1}$ between the source and relay nodes. It is shown that for the systems with linear EH model, the OP and throughput performance gets worse when $d_{1}$ increases, whereas for the systems with non-linear EH model, different results are observed, say, the OP and throughput performance of the systems first gets better then worse when $d_{1}$ increases. Therefore, for the systems with hybrid energy receiver and nonlinear EH model, there exists an optimal location for the relay node, which is marked with the bold small circle in the figure. Moreover, the optimal location of the relay node becomes farther away from the source node when the SNR increases. This observation is different from the systems with non-hybrid receiver, where the a closer location of the relay node to the source node brings a worse system performance for the systems with nonlinear EH model, as opposed to the systems with linear EH models \[[@B10-sensors-20-02472]\].

[Figure 6](#sensors-20-02472-f006){ref-type="fig"} depicts a comparison of the OP and throughput performance for the systems with different relaying schemes, i.e., TS relaying (TSR), PS relaying (PSR), and hybrid relaying (HR) that uses the hybrid energy receiver. It is shown that for the systems with nonlinear EH model under given $\alpha$ and $\rho$, the HR scheme outperforms both the TSR and PSR in OP performance, whereas outperforms the TSR but is inferior to the PSR in throughput performance. [Figure 6](#sensors-20-02472-f006){ref-type="fig"} also compares the OP and throughput performance the systems for linear and nonlinear EH models when HR is adopted. Not surprisingly and similar to the PSR as shown in \[[@B10-sensors-20-02472]\], the using of the ideal linear EH model leads to the obvious overestimation of the system performance.

5. Conclusions {#sec5-sensors-20-02472}
==============

In this paper, we have investigated the OP and throughput performance for the SWIPT cooperative DF communication systems with non-linear EH model and HR protocol. We have derived tractable exact analytical and novel closed-form approximate expressions of the OP and throughput for the systems. The exact analytical expressions in definite integral form with finite integral interval can be easily evaluated, while the closed-form approximate expressions are shown to be highly accurate in the region of higher SNR. We have also investigated the impacts of the HR parameters $\alpha$ and $\rho$, and the position of the relay node on the system performance. Results have demonstrated that the OP and throughput performance of the systems are obviously affected by the HR parameters $\alpha$ and $\rho$, and the position of the relay node. It is also demonstrated that there exists optimal values of $\alpha$ and $\rho$, and optimal position of the relay node that minimizes the OP of the systems. Moreover, it is shown that for the SWIPT cooperative DF communication systems with non-linear EH model, the HR protocol outperforms both the TSR and PSR protocols in OP performance, while outperforms the TSR but is inferior to the PSR in throughput performance for given $\alpha$ and $\rho$. In our setup, we assume that all nodes are equipped with a single omnidirectional antenna for the proposed analysis. MIMO systems for SWIPT for the proposed analysis can be further investigated in future work.
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